Familial hypercholesterolaemia (FH) is usually caused by mutations in the low density lipoprotein (LDL) receptor gene (LDLR) that impair clearance of LDL from the circulation. The increased risk of premature coronary heart disease associated with FH can be reduced by dietary advice and treatment with lipid-lowering drug therapy, but it is important to identify affected individuals at an early stage. Several programmes for genetic diagnosis of FH that rely on identifying nucleotide substitutions in genomic DNA have been initiated, but the validity of these is dependent on distinguishing between a silent nucleotide variant and a mutation that affects LDL-receptor function. Here we describe a single nucleotide substitution in the coding region of exon 9 of LDLR that is an apparently silent polymorphism: CGG (Arg406) to AGG (Arg). Analysis of mRNA from the patient's cells showed that the mutation introduces a new splice site that is used to the exclusion of the natural splice site and causes a deletion of 31 bp from the mRNA, predicted to introduce premature termination four codons after R406. This finding emphasizes the caution needed in genetic diagnosis of FH based on genomic DNA sequence alone.
Introduction
Familial hypercholesterolaemia (FH) is caused by defective clearance of low density lipoproteins (LDL) from the circulation, leading to increased levels of serum LDL and markedly increased risk of atherosclerosis and premature coronary heart disease [1] . FH is classically caused by dominant loss-of-function mutations in the gene for the LDL receptor, and occurs with a frequency of about 1/400-500 in most populations, making heterozygous FH one of the commonest inherited single gene disorders. Homozygous FH is very rare, and presents with a much more severe phenotype [1] . One widespread and two very rare heterozygous mutations in the gene for apolipoprotein B, the major protein of LDL that is the ligand recognized by the LDL receptor, cause essentially the same phenotype as heterozygous FH, although the disorder is generally referred to as familial defective apolipoprotein B (FDB) [2] .
More recently, defects in other genes have been identified that impair the normal function of the LDL receptor pathway, for example recessive loss-of-function mutations in ARH [3] and dominant gain-of-function mutations in PCSK9 [4] , but these remain relatively rare causes of inherited hypercholesterolaemia. In contrast, loss-of-function mutations in PCSK9 are associated with a 40% reduction in serum cholesterol and highly significant protection from coronary heart disease [5] . This finding has emphasized that avoiding coronary heart disease depends on maintaining a low plasma cholesterol level from early in life [6] .
The risk of coronary disease in FH can be significantly reduced by cholesterol-lowering therapy with statins, and the availability of these drugs has markedly improved prognosis for FH patient [7] . However, it is important to commence preventative advice and treatment at a young age and this can be aided by identification of the underlying genetic defect, which allows unambiguous identification of affected relatives. Indeed, the relative ease with which variants in genes can now be detected by high throughput sequencing of amplified genomic DNA has allowed identification of numerous different mutations in the LDL-receptor gene in FH patients [8] [9] [10] . Clearly if this information is to be used for diagnostic purposes it is of the utmost importance that the effect of a potential mutation on LDL receptor function is known [11] , but this has not always been ascertained and some "mutations" have been reported that do not cause hypercholesterolaemia. Equally well, the effect of rare apparently silent mutations should be investigated. We demonstrate this here by reporting a mutation in exon 9 of the LDL-receptor gene that is not predicted to cause an amino acid substitution, but does introduce a new splice site. This results in deletion of 31 bp from exon 9, predicted to introduce a premature termination codon and to result in a truncated protein with no residual function.
Materials and methods
All the methods for sequencing LDL-receptor mRNA from EBV-transformed lymphocytes and genomic DNA from whole blood have been published previously [12] . PCR products were cloned into T-vector for sequencing with the Sp6 or T7 primers according to the supplier's instructions (Promega).
Results and discussion
The index patient attended the Hammersmith Hospital Lipid Clinic and had a diagnosis of probable heterozygous FH [7] , based on an untreated plasma cholesterol of 8.7 mmol/l, the presence of tendon xanthomas and angina since the age of 29 years. When the LDL-receptor gene in this patient was amplified from genomic DNA and sequenced, the patient was found to be heterozygous for two common polymorphisms, StuI in exon 8 [13] and MspI in exon 15 [14] , but the only novel variant observed was a heterozygous single base substitution in codon R406 in exon 9 (where 1 is the Met initiator codon).
Since this base substitution changed codon 406 (R385 in the mature protein) from CGG to AGG, which is also predicted to encode an Arg residue, it was at first assumed to be a silent polymorphism. However, since no other potential defects in LDLR were found in this patient, the possibility that this variant was pathogenic was explored, and inspection of the sequence revealed the presence of a possible cryptic splice site activated by this single base substitution (Fig. 1) . Calculation of the "splice site score" suggested that the new splice site (score 8.0) was at least as likely to be used as the natural splice site (score 6.7)
To determine whether the nucleotide variant in exon 9 did affect splicing, a fragment of LDL receptor mRNA was amplified by RT-PCR from RNA isolated from Epstein-Barr virus (EBV)-transformed lymphocytes from the patient and its nucleotide sequence was determined. As shown in Fig. 2A , the sequence revealed the presence of a heterozygous deletion in exon 9 of the mRNA, although the "mutant" mRNA was only present at a low level. The extent or nature of the deletion in the mRNA was not clear, and thus the amplified mutant fragment was cloned and sequenced. This showed that the mutant mRNA comprised exon 8 spliced to part way along exon 9, with the first 31 bp of exon 9 deleted from the mature mRNA, and that the mutant allele carried the common G of the StuI polymorphism (Fig. 2B) . To determine whether the splicing defect was partial, i.e. whether only part of the mutant mRNA was mis-spliced, we compared the sequences surrounding two polymorphic sites in the patient's genomic DNA and transcribed mRNA. As can be seen from Fig. 3 , this showed that the majority of the mRNA was derived from one allele only; in the case of the StuI polymorphism in exon 8, this is known to be the "normal" allele ( Fig. 2B) , suggesting that little or no full length mRNA from the mutant allele is present in the total mRNA (Fig. 3A) . If splicing were only partially defective, the proportion of the two bases at the polymorphic sites would be equivalent in total mRNA. Similarly, at the MspI polymorphic site, there was a much lower than expected amount of the G allele, presumably present on the mutant allele of the LDLR (Fig. 3B) Thus we conclude that the single base substitution in exon 9 introduces a new splice site that is used to the exclusion of the normal splice site; this is important because some cryptic splice sites can be used to only a small extent. The reduced amount of the aberrantly spliced mRNA is probably due to nonsense-mediated decay [15] , because the 31 bp deletion is predicted to introduce a premature termination codon into the mRNA five codons after G396, the end of exon 8. Reviewing previous LDL-receptor gene sequencing data, we noted that the same heterozygous base substitution was present in the genomic DNA of a Chinese homozygous FH patient in whom we believed we had not detected any defect in the LDL-receptor gene (subject no. 1 described by Sun et al. [16] ). No cells were available to us from this Chinese patient, and at that time we had failed to note that the nucleotide substitution might introduce a splice site and had dismissed it as a rare silent polymorphism. The difference in origins of the two patients suggests that this mutation is very unlikely to have been inherited from a common ancestor, and since it has recurred, it may be in other populations as well [17] . Our findings again emphasize the care that must be taken before reporting the presence or absence of a mutation in the LDL-receptor gene for diagnostic purposes.
